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ABSTRACT

This research project was undertaken to evaluate
the applicability of queuing theory—in particular the
priority queuing theory—to the evaluation of priority

queuing situations in military information systems.

The queuing theory has been applied to the evalu-
ation of the queuing situations 1in the 473-L System.
The waiting-time distribution for a single-server,
head-of-the-line, priority queuing model has been
evaluated. The application of “Variance Reduction
Method’’ to the Simulation of Priority Queuing Systems
has been investigated. Finally, guides and procedures
for the application of queuing models in structuring

information systems were outlined.
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I INTRODUCTION

A. OBJECTIVES
The objectives of the research effort described 1n this report are:

(1) To evaluate the applicability of queuing theory to
evaluation of priority queuing situations in military
information systems.

(2) Develop additions and/or modifications to the ex-
isting priority queuing techniques—those that are
deemed necessary from the application studies—in
sufficient detail for use as a system design aid.

(3) To establish guides, procedures, and principles for
the application of appropriate queuing models in
structuring information systems.

B. SCOPE

The 473-L Simulation Model has been chosen as the sample situation
for use in the evaluation of the applicability of queuing theory to the
evaluation of priority queuing situations in military information systems.
The analytical analysis of the 473-L Model is presented in Appendix A.
Results of the analytical investigation have been compared with that ob-

tained from simulation and are presented in Sec. II.

Usually the analysis of priority queuing is limited to the mean of
the operational measures. An analytical expression for the priority
queuing walting-time distribution has been developed during the previous
research effort. 1t 1s shown in Sec. IIl that this waiting-time distri-
bution can be approximated by a simpler expression when the system loading
and the relative loading of the higher priority to the lower priority

customers meet certain requirements.

Although it 1s possible to analytically investigate the queuing
situations in information systems, this usually involves extensive ideali-
zations of the system parameters. The results obtained are usually
limited to the mean of the measures. This has been shown in Sec. II. For

more complex information systems, where



(1) the inter-arrival 1nterval distributions or the service
time distributions are not exponential, and

(2) where quening discipline 1s of the priority type and the
service center contains multiple parallel servers, the
only practical technique for system evaluation 1s the
simulation modeling technique.

It is therefore highly desirable to develop simulation strategies that
can be used to increase the effectiveness of this technique. Three as-
pects of the simulation strategies have been investigated in Sec. IV.

These are the stopping rules and the chopping rules of the simulation

experiment, and the application of “Variance Reduction Methods’ to the

Simulation of Priority Queuing Systems.

Finally, the guides and procedures for the application of the

Queuing Models are outlined in Sec. V.

[S+]



II RESULTS OF ANALYTICAL ANALYSIS OF 473-L SYSTEM

A.  INTRODUCTION

The principal purpose of the queuing analysis of the 473-L system
1s to investigate the possibility of applying the queuing theory to
obtain some of the queulng measures of a real information system. The
473-L system model has been chosen for this purpose because a simulation
model of this system has been constructed and simulated results of this
system exist.!” Thus, it is possible to check the analytical results with

the simulated results.

B. DESCRIPTION OF 473-L SYSTEM

In this section a brief description of the 473-L Queuing model 1is
given. For a more detailed description see Appendix A or Reference 1.
Figure II-1 shows the 473-L Queuing Simulation Model. Requests for
service arrive at Buffer 1, Q-1, from the source of data. The requests
are categorized into three priority classes. The queuing discipline at
Queue 1 1s that of interrupt priority type. All requests require an
initial service by the computer. Some of the requests require further
service(s) from the computer. Each further service by the computer is
preceeded by a disc service which 1s to retrieve the desired information.
Those requests that require further service(s) from the computer would
have to enter the Buffer 2, Q-2, to wait for the retrieval operation.
The queuing discipline at Q-2 is of the ordered queue type. When the
required number of computer services have been completed, an output

message 1s sent to the display.

*
References are listed at the end of the report.
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C. RESULTS OF THE ANALYSIS

The analytical expressions for some of the queuing measures are

(1) the utility of the computer o,
(2) the utility of the disc, p,
(3) the mean response time of all requests, T_

(4) the mean response time of each priority class of
requests, T‘, and

(5) the mean storage size for Q-1 and Q-2, Lol and L02'

The utility of the computer is defined as the percentage of time
the computer spent in servicing requests. Similarly, the utility of the
disc 1s the percentage of time that the disc spent 1n servicing requests.
The mean response time is defined as the mean elapsed time between arrival
of the new request at Q-1 to the time when it leaves the computer after
final service by the computer. The mean storage size is defined as the

mean number of words in the buffers.

Detailed derivations of these expressions are contained in
Appendix A. The expression for each of the above queuing measures are

listed below:

(1) The utility of the computer

A L1+ (1 - X)(n o+ D))

= 1)
Pe 1 - Mr (1 - X =2) + b1+ (1-X(n+ 1)Z]} (
(2) The utility of the disc
Py = MY =X {ln ¢ 1+ p (1 = Dk, + p (1 - 2)h,} (2)
(3) The mean response time (sec) of all requests
Xh, h, h,
o, = + (1 - X)1(n + 1) +
l - p, 1 -p, 1 - p,
hc hd N h:
+p (1 - 2) + (3)
l - p, l1-p,



(4) The mean response time (sec) of the tth priority request

T, = 1o (=Nl s DIy v 1) v p, 2 V(T )] (4)
h
where
T = h U1 - P _)(1 - P)]
P = 5 p.
1 k=1 L
o, = MY, . ¢ = 1,23
i=-3
p, = Ah Y (1 - X)<n+l*/’c z Yl> . to= 4,5,6
J=
T, = h,,* (hp)/(1 = p,)
Tp = hsp + (hdpd)’/(l - '“d)

(5) The mean storage size (words) has been developed under
two sets of storage rule, Rule 1 and Rule 2. See
Appendix A for more detailed explanation of these
rules.

The mean storage size for Q-1 and Q-2, aceording to Rule 1, are

given as

: nel v b o (1-Z
Mn(l—X){n = Mo VM e LV M et D, (n e 20, o (1~ )}

L, = 5
el (1-p)0+ Q=X +1+2 (1 -2)]} =

and
(n+1)(n+2)
S eV M, e L=V M ) D+ (n e 3N o, (1 - 2)

Ly, = . 6
o (1 -p)n+ 1+ 2(1<-2)] 6

The mean storage size for Q-1 and Q-2, aecording to Rule 2, are

given as

+1
Mo+ (1 -X){n [IT MoV, (1 -VH)MN] +M v (n+2)(M, +MP),OC(1-Z)]>
Ly = > (7
o (I-p 1+ (1 -Xln+1+2,0-2I1} o




and

(n+ D(n+ DM+ nlV M« (L-VIM 1+ M +M)n+3)p (-2

02

where

h
E ]

M
o

(1-p)ln+ 1+ 2 (1 -2)]

The mean arrival rate of requests from the source
of data.

The mean service time of the computer,

The percentage of new requests that require no
disc search.

The housekeeping time due to an interrupt.

The probability that a request, upon its arrival
at Q-1, finds that the request that is being
serviced by the computer has a lower or equal
priority.

The mean service time for the disc search
request.

The mean service time for the data disc search
request.

The mean service time for the program disc
search request.

The mean number of disc searches required by a
new request.

The percentage of new requests that are ith
priority requests.

The mean length of a new request.
The mean length of a disc search address.

The mean length of the message retrieved by a
data disc search request.

The mean length of the message retrieved by a
program disc search request.

The proportion of n disc searches that are the
data disc searches.

The mean length of a display message.

(8)

The results of the simulation for twenty-four cases are listed in

Table I, as extracted from Reference 1.
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The queuning measures, computer utility o _, the disc utility p,, and
the response time Tr, are computed, using Eqs. (1), (2), and (3), respec-
tively, for the twenty-four cases. The computed values are listed in
Table 1l together with the simulated values. The ©_ is computed on the
basis of simulated mean number of disc search. The o, is computed on the
basis of simulated computer utilization and simulated mean number of disc
search. Finally, the simulated n, o, and p, were used to compute the Tr.
The reason for using the simulated n, P and o, in computing each of the
queuing measures is to make the system environments of the analytical model

match as closely as possible that of the simulation model.

Table III is a listing of the simulated and computed mean response

time for the ith priority request, T., for the above cited twenty-four

1!

cases. Equation (4) was used to compute the Ti. Once again, the simu-

lated n, P, and p, were used in the computation.

Equations (5) and (6) were used to compute the mean storage size in
Q-1 and Q-2 for the twenty-four cases. These are listed in the second and
third column of Table IV. The fourth column 1s the sum total of the first
two columns. The LQ1 and L02 listed in the fifth and sixth columns were
computed according to Eqs. (7) and (8). Their sums are listed in the
seventh column. The simulated results are listed in the eighth column.
The percent deviation of the simulated results from the computed results,
according to Rule 1 and Rule 2, are tabulated in the ninth and tenth

columns.

D. DISCUSSION

It 1s noted in Table II that the analytical results are generally in
agreement with the simulated results, except for a few specific cases.
The most noticeable case is Case 18, the only one where the computed P, 1s
higher than the simulated p,. Upon further examination, it is seen Case 18
is the only one where the disc is saturated. The computed disc utility is
142.36%, which should be interpreted as the offered load at Q-2, but the
actual utility of the disc 1s 100%. Since the disc is saturated, the mean
rate at which the request returns to the Q-1 after the disc search becomes
independent of the arrival rate of new requests. This rate is the mean

disc search rate, which is approximately l/hd. Thus, the mean arrival rate
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Table {11

COMPUTED AND SIMULATED MEAN RESPONSE TIME

MEAN RESPONSE TIME (sec)

CASE PRIORITY
o lat 2nd 3rd

Computed | Simulated | Computed | Simulated | Computed Simulated

1 2.56 2.25 2.58 2.39 2.64 2.54
2 2.56 2.25 2.58 2.39 2.64 2.54
3 10.11 11.29 10.21 10.33 10.43 10. 38
4 10.11 11.29 10.21 10.33 10.43 10.38
5 2.34 2.16 2.40 2.25 2.56 2.68
6 15.15 12.26 15.18 12.28 15.29 13.82
7 11.10 12.51 11.13 11.59 11.34 11.82
8 7.06 6.10 7.03 6.93 7.11 7.94
9 22.96 20.79 23.03 21.53 23.13 22.36
10 16.10 151,159 16.11 15.78 16.16 17.81
11 7.27 5.86 7.37 6.49 7.69 7.06
12 3.01 2.88 3.08 3.51 3.19 3.33
13 9.20 7.01 9.30 9.05 9.89 10. 38
14 4.39 3.81 4.84 4.08 7.06 7.76
15 9.11 8.32 9.33 8.23 10.09 9.48
16 3.88 3.55 4.24 3.87 5.75 5.54
17 4.47 3.41 5.00 4.48 8.23 8.00
18 6066.00 687.30 | 6082.00 692.50( 6119.00 646.70
19 57.30 42.60 57.48 51.80 57.83 42.60
20 8.56 8.85 8.58 7.99 8.63 8.94
21 13.64 15.97 13.66 14.40 13.72 14.56
22 2.86 2.88 2.95 3.04 3283 8.1383
23 7.86 8.41 8.02 6.94 8.56 8.37
24 7.04 5.54 7.08 7.28 7.19 8.00
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Table 1V
COMPUTED AND SIMULATED MEAN CORE LENGTH

PERCENT
MEAN CORE LENGTI (WORDS) DEVIATION
100 (L - L )/L
CASE 4 s c
NO. Computed
According to Rule ! According to Rule 2 SlMEIILCd Rule 1 Rule 2
Lo Lo, Total—L Ly, Lo Total —L_ :
1 460 680 1,140 | 465 695 1, 160 651 42.9 43.9
2 1030 1,610 2,640 11035 1,625 2,660 1,700 35.6 36.1
3 520 1,790 2,310 | 535 1,845 2,380 3,400 -47.2 -42.7
4 1170 4,110 5,280 | 1180 4,170 5,350 7,500 -42.0 -40.2
5 1160 1,470 2,630 |1170 1,475 3,645 1,900 27.8 28.2
6 1010 3,370 4,380 | 1020 3,370 4, 390 5,100 -16.4 -16.3
7 990 2,360 3,350 | 995 2,385 3, 380, 3,700 -10.4 - 9.4
8 950 1,460 2,410 | 960 1,465 2,425 1,400 42.0 42.2
9 970 3,370 4,340 | 980 3,380 4, 360 5,800 -33.7 -33.0
10 960 2,330 3,290 | 965 2,335 3, 300, 3,500 - 6.4 - 6.1
11 545 1,250 1,795 | 565 1,300 1,865 2,000 -11.4 _
12 505 715 1,220 | 520 740 1,260 1,000 18.0 20.5
13 595 1,530 2,125 | 620 1,605 2,225 3,000 -39.3 -34.9
14 1010 745 1,755 | 1060 810 1,870 1,700 3.1 9.0
15 670 1,520 2,190 | 700 1,610 2,310 2,900 -32.4 -25.4
16 735 665 1,400 | 780 710 1,490 1,200 14.3 19.5
17 965 690 1,655 | 1040 755 1,795 1,700 - 2.7 Sk
18 1060] 1,342,000] 1,343,000 |1075 1,356,000 | 1,357,100 613,000 52.9 54.8
19 1050 12, 880 13,930 [ 1060 13,010 14,070 25,000 -79.5 -71.7
20 970 1,805 2,775 | 975 1,815 2,79 2,200 20.7 21.2
21 950 1,960 2,910 | 955 1,965 2, 920 2,600 10.7 11.1
22 1320 1,930 3,250 [1335 1,970 3,305 3,500 -1.7 -5.9
23 605 1,315 1,920 | 635 1,380 2,015 2,400 -17.1 -68.8
24 480 1,295 1,775 | 495 1,330 1,825 2,300 -29.6 -26.3
of new requests and return requests is A + 1/h,. It follows that the com-
puter utility due to the analysis of requests is:
pl = (A + Vh)h, . (9)

As may be seen from Eqs. (A-3) and (A-4), under the assumption of
P, =1, which is the worst case, the ratio of the computer utility due
to interruption p: and the computer utilization due to the analysis of

! .
requests P 1s:

p hyll + (N - 1Z]

=y = N . (10)




0.76, and h, = 1 msec; for

0.015, which means p’ is

For the system under study, X = 1/4, 2

Case 18 where hc = 50 msec, the ratio p:/p;
small in comparison to p;. Thus, p, may be approximated by p:. More
specifically, under disc saturation conditions, P, may be approximated by
Eq. (9). For Case 18, where A = 1/3 requests/sec and hy =036 sec/request,
F; = p, = 15.55%, which compares favorably with the simulated result of

15.31%. Thus, under disc saturation conditions Eq. (9) instead of Eq. (1)

should be used to compute the utility of the computer.

The computed T for Case 18 is about nine times the simulated T ; for
Case 19, the computed T is about 16% higher than the simulated T . In
both of these cases, the disc utility is near or at 100%. It is assumed
the simulation started from the empty state, with no request 1in the system,
and then proceeded to build up to its steady state level. In the case of
100% utility there is no steady state level since the queue at the disc
will continue to build up without bound. The time of buildup could be
rather long when the utility of the server is near 100%. The simulated
results are based on 1000 reply messages being generated within the system
and sent out; therefore, it is conjectured that the simulated T,  for
Cases 18 and 19 does not represent the steady state T . They are heavily
influenced, especially the T of Case 18, by the initial condition of the
system. It is concluded that either a longer simulation run is needed
for situations like Cases 18 and 19, or that means should be devised to

eliminate the bias caused by the transient condition.

The computed p, are less than the simulated P. in all cases, with the
single exception of Case 18, as was noted above., One possible explanation
1s the bias introduced i1n the simulated mean arrival rate and service
time, as evident in the bias introduced in the mean disc search. In all
cases, the simulated mean disc search is less than the specified mean disc

search.

The computed mean response times for each of the three priority
classes seems to be 1n general agreement with the simulated results (see
Table I11)}, except in the Cases 18 and 19. The above remarks on these

two cases apply here too.

It 1s to be noted in Cases 3, 4, 7, 19, 20, 21, and 23 that the
simulated mean response time for the higher priority messages is greater
than that of the lower priority messages. This inconsistency is probably

due to sampling errors of the simulation process.
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The stmrtated mean core tength for each case, as shown tn Table 1V,

represents a situgle sample observation.  Therelore, it 1s rather difficnlt

to andicate the degree of agreement between the analytical models and the
simulated model. However, an observation may be made on the percentage
deviation of the simulated mean from the analytical mean. Table V shows

the proportion of cases that deviate less than x percent for Storage

Rule 1 and 2. Also shown 1s the normal distribution with o = 1/3 mean.

Table V

CUMULATIVE DISTRIBUTION OF PERCENT DEVIATION
OF SIMULATED MEAN CORE LENGTH
FROM THE ANALYT1CAL MEAN

e PROPORTION OF CASES v ]
DEVIATION ] vl B DISTRIBUTION
<10 16.7 25.0 23.6
<20 41.7 41.7 45.1
<30 54.1 62.5 63.2
< 40 70.9 83.4 77.0
< 50 87.5 91.7 86.6
< 60 91.7 96.0 92.8
<70 91.7 96.0 96.4
< 80 100.0 100.0 98.4

A comparison of the observed percent deviation distribution with the
normal distribution seems to indicate the simulated means have a normal
distribution in relation to the analytical mean. This implies a reason-

able agreement exists between the analytical means and the simulated means.

E. CONCLUSIONS

The analytical analysis of the 473-L System indicates it is possible
to apply elementary queuing theory to analytically model a relatively
complex i1nformation system, and to obtain some of the queuing measures of
the system. The validity of the analytical model may be verified by sim-
ulation. Once verified, the analytical model may be used by the system

designer in considering the trade-off of system elements.
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ITT NUMERICAL EVALUATION OF WAITING-TIME DISTRIBUTION

A. INTRODUCTION

As seen in Sec. II, by suitable i1dealization of the information sys-
tem we can apply the queuing theory to obtain the means of the queuing
measures of the system. The information system designer 1s often inter-
ested in the distributions of the queuing measures so that end point con-
ditions of the system can be analyzed. However, analytical expressions
for the distributions of priority queuing measures usually are not avail-
able, or i1f available they seldom are in readily usable form. Thus, an
approximate analytical expression that is readily computable is a welcome

addition to the information system design.

During the previous research effort, Eq. (8) of Reference 2, the
waiting-time distribution of the second-priority customer, W,(T), in an

exponential head-of-the-line priority queuing system has been shown to be

" P - p, 1 -p 2
W, (> TF) = e~*T + I " f(r)dr, for ol 2 Py
p=-p, 2 o
(1la)
1 - %z
- =L 1 Fr(rar, for  pr<p, (11b)
27 al
where

© = the loading factor of the system

p, = the loading factor of the system due to the first
priority customers
T = unit of time 1n units of mean service time, u.
‘/—2
a, = (1 -Vp))
oy
@, = (1 +Vp)
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(v =01 = p)

e

rT/(az - r)(r - al)

(r(r - a)]

f(r) e

Cox? has derived a simple expression for the distribution, namely

—(l-pl)(l—P)T

Wy >T) = pe (12)

But Cox’s expression is not valid for all ranges of p, value. Since

Eq. (12) 1s a relatively simple equation 1t is of interest to investigate

the range of p, value where W;(> T) is valid.

[t is seen that when o, << p, then (p? - pl)/p -p)mpe— 1 -p
and_gﬁ f(r)dr = 0. Therefore, Eq. (11) becomes that of Eq. (12). It is
also to be noted that when p << 1 implies p, << 1, which means g%
f(r)dr = 0. Thus, Eq. (11) again tends toward Eq. (12). '

B. RESULTS

A humerical evaluation of Eq. (11) was carried out for o = 0.1, 0.2,
0.3, 0,5, 0.7, 0.85, and 0,95, and for o,/p = 0.1, 0.2, 0.5, and 0.9.
The epsults of the evaluation are plotred in Fig. I1I-1 through 6 for
{

each value of & except £ = U.1. #When 2 = 0.1 By. {11} aad E3. {12} are
almost tdentical. The abscy ine of the figures ts 1n wuats uf

Y o= 12001 - (L - p})T] Clro« - 0o 1077, Thrs unit of X 1s chosen so
that Bg. (12) appears os siugle cuvve fer o specafic value of 440 Tu the

frgures the unmarked strareh Tine 18 the wsaiting-tine distribution due

ta Cox. W Le T,

We cev from the figures that the warving-.ame di: v itbution due to
Cox approximates that of Egq. D) quite well for fy L 0.2 and for all
L ' orre e it e exception when o 1s near 0.5, When g ois

neatr 0.5, the percentuge deviation of W;() ) from H;(> T) becomes rela-
tively large at the extreme value of X, as much as 45% at X = 20. As the
ratio of p, /o increases, the percentage deviation becomes larger, which
verified the analytical observation made above.

16



From the figures we note that Eq. (12) yields a more optimistic
estimate of waiting-time at the lower value of X and a more pessimistic
estimate at higher value of X. The cross-over point, where

W,(>T) = W,(>T), varies with the value of p.

17



8~ | l | l | l ]
B _
— g
" | _
[0 4
w
= - ]
(o]
%
2
(8]
N _
[
@
=4
a
a
Q
5 o.
(8] = —
w
w — —
£ [ =
>
m ——
o —
E L a
2
a - =
-J
w
Q
< » N
e
a P. L o'gp
w
3
> = 0.5
Y o0.01 | 21 £
[V
(@] — . o
o — p=02p —
- = o=
2
© — —
=y
o — _—
a
a I -
x
3 = -
e [N N WU (NN SN N N
0 2 4 6 8 0 12 14 6 18 20
x = [20 (1=5) (1-p,) 1] /(1np=1n1073)
T8-8i87-3
FIG. -1 WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY — p = 0.2

18



|
]

]
|

0.0l

Wi(X) = PROBABILITY OF EXCEEDING "X " DELAY UNITS BY THE SECOND PRIORITY CUSTOMERS

oo b—L L 111111
o 2 4 6 8 10 12 19 16 18 20

b [20 ("p)("p.)u']/('r\p -1n 107%)

T8-3187 -4

FIG. 1112 WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY —p = 0.3

19



I
jLij

0.01

W (X) = PROBABILITY OF EXCEEDING "X" DELAY UNITS BY THE SECOND PRIORITY CUSTOMERS

-y W S T S T
0 2 4 6 8 10 12 14 16 18 20

x =[20 (1-) (1 =p) ut]/linp-1n1073)

Te-3187-8

FIG. 111-3  WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY —p = 0.5



0.01

W(X) = PROBABILITY OF EXCEEDING "X " DELAY UNITS BY THE SECOND PRIORITY CUSTOMERS

I I SN IR NN N N NN N
0 2 4 6 8 10 12 149 16 18 20

x = [20 (1-p) (1=p,) 1] /(1np - 1n107%)

Te-8187-8

FIG. Ill-4 WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY —p =07

21



L 111

|

= p,=09p =
B8 p,=05p |
== P =02p il

0.0!

W(X) - PROBABILITY OF EXCEEDING “X" DELAY UNITS BY THE SECOND PRIORITY CUSTOMERS

o Ll e Ml fee e |
o] 2 4 6 8 10 12 14 16 18 20

= [20 (1-5) (15 )]/l - 1n 107%)

Te-si187-7

FIG. II-5 WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY —p = 0.85

to
to



W (X) = PROBABILITY OF EXCEEDING "X" DELAY UNITS BY THE SECOND PRIORITY CUSTOMERS

0.001 L

=20 (1) (1-p ) 1] /(100 =10 1072)

Te~3i87-8

FIG. I1l-6 WAITING-TIME DISTRIBUTION OF THE SECOND PRIORITY —p = 0.95

23



1Y  SIMULATION STRATEGY

A. INTRODUCTION

In many information systems the customers (messages) are categorized
1nto priority classes and their order of service 1s in accordance with a
given priority queuing discipline. An example of this type of information
system is the 473-L system, as described in Sec. Il. It is sometimes pos-
sible to 1dealize the parameters of the system and analyze 1ts queulng
measnres analytically, as was done in Sec. [I. Because there is a rela-
tive scarcity of analytical results on the priority queue,? however, it
1s not always possible to analyze the queuing measures without extreme
1rdealizations. Such extreme i1dealizations may make the results of the
analysis unrealistic. Under such a circumstance the method of simulation
frequently 1s used to analyze the queuing measures or to check the valid-
1ty of i1dealizations. It would seem advisable, therefore, to develop a

guide for efficient design of the simulation experiment.

The present study investigated the stopping rules and the chopping
rules of the simulation experiment, and the application of “Variance Re-

duction Methods" to the Simulation of Priority Queuing Systems.

B. STOPPING RULES

In simulation the question often asked is how long should be the
simulation experiment? Alternately the question is when to stop the sim-
ulation experiment? One possible answer 1s to stop the simulation exper-
iment when the observed variation i1n the estimates reaches certain speciflied
confidence tnterval sizes. Based upon a concept of Conway,* the confi-

dence interval about X has been shown to be (Appendix B):

X+ aS(Xn)

where a = the number of standard deviations 1n an (1 - @)% confidence

interval.



Given L and «a,

ty

n2

n-1%"

l s X

n t=1 '
1 L

- 2 Y .
L 1=1 ty

the jth observation of the
queuing measure in the tth
block of the simulation

experiment. (13)
NP 12 a0

p +
(n-1)2 1-p

c/l(n - 1)S%(X,)]

nal

T XX, - - DX DX

t=1]

2 P : (14)

1t 1s possible to determine the confidence interval

about Xn at any value of n, where n is the length of simulation. Since

the confidence interval can be computed as the simulation progresses, it

1s possible to stop the simulation whenever the confidence interval is

less than certain specified size.
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Any stopping rule which depends on the observations themselves can
prodance bias. For example, sappose that the sample mean X, and sample
. W . . . B . .

variance S°(X ) are independentlty distributed.  This is true if X s

normally distributed. Suppose the stopping rule 1s:

Stop when S(X) S_KX"

Then when, fora given S(Y"), Y" 1s low the simulation will be stopped.
If X" is high, further samples will be taken which will tend to reduce

X". Thus this rule favors lower values of X, and 1s biased.

For X, normally distributed, the rule:

Stop when S(Yn) <K

1s unbrased because now the stopping point 1s independent of X .
n

Another example is X with an exponential distribution. Here S(X )

tends to be proportional to yn. S(Y") N aY". Then the rule:
Stop when S(Yn) <K

1s brased because S(X") < KimpliesY" < K/a and again low values of 7"

will satisfy the rule and stop simulation. In this case the rule:

Stop when 8(7") < EXR

will be approximately unbirased.

The X, can usually be assumed to be normally distributed, therefore

the unbiased stopping rule should be:
Stop when S(Yn) = K

C. CHIOPPING RULES

A problem in the simulation of queuing systems 1s the selection of
initial state. If the 1niti1al state 1s not selected at random from the
true distribution of states when the system is in steady-state the choice

will i1ntroduce some bias into the resultant average statistics. A



possihble course of action to avoid bias 1s to start the simulation from
empty state and chop-off the first part of the run from the average

statistics.

A chopping rule was developed and 1s presented in Appendix C. This
chopping rule 1s based upon the assumption that the simulation experiment
wonld start from the empty state and progress to the steady-state. Hence
the parameter, which in this case would be the mean waiting-time as esti-
mated from the initial part of the simulation, would be lower than that
obtained from the later part of the simulation. A statistical test pro-
cedure that can test the hypothesis that the parameter as estimated from
the 1nitial part of the simulation is less than that from the later part
of the simulation can be used to determine the point of chopping. The

testing procedure is as follows (using the notations of the stopping rule):

Let the sequence of the estimates of the parameter from the simula-

tion be
_ 1 =~
Fo o =0 8 X m® L, 25 3 , n
m t=4
Starting from m = 1 compute the statistics
X - B
Nen n
vy o i T z (15)
( 1, 1)2[(m - DSUX) + (n - - 1)52()("-_)] 1+ p,
n -m m n - 2 1 _ pE
where
) WX, - aX,
X’l-l -
n-m

1 - B
S2X,_,) = T [n - DSHX,) = (n - DS*X) - (n - mX? __+ nk? - mX?]

" n-m- o

Find m = max (m:tm 2)and chop at m'.

Based upon experience one may ignore the chopping rule unless the

system loading factor is greater than 0.9.
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D. THE APPLICATION OF “ VARIANCE REDUCTION METHODS"
TO THE SIMULATION OFF PRIORITY QUEUING SYSTEMS

1. GeENERAL
a. INTRODUCTION

The history of variance reduction i1s very closely associated
with that of stochastic simulation in general, and it 1s natural they
are often jointly referred to by the term “Monte Carlo.” The queulng
problem 1s mentioned in many papers as a natural example for this method,
and is dealt with specifically in References 5, 6, and 7. Onlya few of the
ideas suggested therein, however, can be applied directly to the priority
queulng situation. Some may introduce bias, others lose most of their
efficiency. The problem of the distribution of the i1nitial position 1n-
creases 1n dimensionality and becomes almost too formidable to tackle.
On the other hand, there are some advantages in these methods not avail-
able 1n the non-priority case. Often, there 1s at least one estimator
more than there are estimands, which suggests the use of a regression
model. Also, in some cases the difficulty i1s only with the priority
discipline. The overall mean waiting time (or mean waiting time for
some of the priority classes) 1s known analytically, and this knowledge
can be incorporated i1n the analysis of the experiment to reduce the var-

1ance of the estimator.

The utility of simulation depends not only on getting estimators
with sufficiently small variances, but also on the ability to accurately
estimate these variances. As has been pointed out by Kahn and Marshall,

‘nothing is worse than thinking you have a good estimate when in fact you

have a very bad one.’®

The problem therefore, is twofold: to design the
experimental setup to yield practically no bias in the estimates and
their confidence interval, and to reduce the variance of a fixed volume

of sampling without a similar increase in computation labor.

b. EXPERIMENTAL SET UP OF THE SIMULATION

The general setup of the experiment followed closely the dis-
cussion in Conway.* The duration of the run was determined by the time

unti1l the departure of a fixed number of arrivals, i.e., “run until the

*

An up-to-date survey of the development of Monte Carlo methods 1s presented in Heference 5, where an
extensive bibliography is also to be found.
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first 5000 avrivals have departed.” Customers were grouped 1nto sets of
fixed size, according to the time of their arrival. Overall mean wait-
tng time for enstomers in a set and the means corresponding to the vari-
ous priority classes as well as additional input statistics of the set
were computed for cach of the sets, printed out, and stored for the final
summary. ‘Thns, the individnal sets are considered as separate simula-
tions, the initial point of which i1s the final position of its predeces-
sor, and therefore the sets are properly drawn at random from the

distribution corresponding to the simulated load.

Experimeunts were started from the “empty and idle’ position.
This avoids the difficulties involved in choosing from a distribution of
high dimensionality, and therefore one that would be difficult to esti-
mate in a preliminary run. Beginning in this manner, however, introduces
bias, and usually requires that the first few observations be chopped off
and not considered in the summary analysis. Theoretically, the bias in-
troduced by an arbitrary initial point (any point) can never be totally
eliminated, as indeed the ‘“steady state’’ can never be reached in a simu-
lation run, no matter how long. In practice, however, even mere chopping
was found unnecessary for the simulation lengths used with most of the
loading factors analyzed. With loadings of over 0.9 Erlang, this prob-
lem 1nfluences the estimator more strongly. Statistical tests of the
transient effect with subsequent chopping are necessary, as presented in
Appendix C of this report. Throughout the present report the transient

effect is disregarded.

It would be proper at this point to define the general setup

and basic output:

Cust @ = nth arrival
Set = {Custn:n = (¢t =1)m+ 1,...,tm} t = 1, ..., T
Cp = priority class p (all customers with priority p)
p =1, ..., NP where p = 1 is the highest priority
VP = number of priority classes
Wait(n) = Waiting time of Cust,
Set = Set rW(: = all customers 1in Set that
P t P . . g
have priority p =1, ..., NP
N!p = number of priority p customers in set, p =1, ..., NP
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where

Cov [X X, ,] Cov IX,.X,,,]

roo= and r = r <1

Var X: Var X'

with the inequality approaching equality for large m.

This method involves at least two substantial difficulties:
2

x

first SE 1s no longer an unbiased estimator of o< but

ESE < Uz for r >0

Second, the estimate of Var X depends on a good estimate of r, and when
r is large even a small variance in the estimate of r will 1induce a large
variance in the estimate of Var (X). Hence, even i1f independence is not
to be assumed, m has to be large enough to keep r small. Also, the same
data may be arranged as sequences with different values of m (and T) and

the estimates compared.

In most cases, however, these elaborate measures are not justi-
fied, and one may simply impose lower bounds on m and T, with the 1impli-
cation that the volume of the experiment may be determined not necessarily
by the variance of the estimates, but possibly by the variance of the

estimate of these variances.

In the simulation of priority queues, we get several estimators
simultaneously. The volume of the experiment is determined by the
“worst” of these estimators, in terms of the accuracy required. Thus,
although usually the class with lowest priority will have the highest
variance, 1t may be that only a rough estimate is required for that class.
The length of the experiment would be determined by a higher priority
class with a smaller variance. This is especially true since accuracies
are usually specified as a percentage of the estimated value, and for the
lowest priority not only the variance but also the estimand itself is

highest.

Adaptive rules to determine the length of the simulation may
be developed, as discussed in Appendix B of this report. The stopping
rule tends to be biased—sometimes as to the estimands themselves, but

more often with respect to the estimate of the variance. Possibly, the
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best course 1s to extrapolate the required volume from a short prelimi-
nary run. Note, however, whenever there i1s a rigid requirement on the
estimate of the variance (t.e., the results have to be presented as
P[0.95 W < E [X] < 1.05 W] > 0.95), there is a tendency to overestimate
the confidence. This is avoided 1f a certain variability in the stated

confidence 1s allowed.

2. Vanianck RepucTiIoN
a. INTRODUCTION

The basic principle of variance reduction methods involves tak-
ing advantage of analytical knowledge of part of the simulated process.
By taking account of the correlation between input and output, one can
account for part of the variance of the output by a proper analysis of the
input, or eliminate part of that variance by a proper manipulation of the
input. To be done effectively, this requires insight into the probabilis-
tic structure of the simulated process. This 1s the reason why “Monte

Carlo” often seems a collection of “ad-hoc” methods. This 1s also why the
application of established principles to a specific problem is not trivial.
Even 1n the limited field of priority queues, different methods will have

different effectiveness for different loadings.

The measure of efficiency of a certain design relative to direct
simulation may be expressed as a ratio F, according to Hammersley and

Handcomb, 3 where

no}
“Efficiency ratio” F = ,
no?
ny
““Labor ratio” L = — ,
n
i
“Variance ratio’” ¢y = — ,
o

where n, and n represent the computational volumes required, and where a%

and 02 represent the variances of the estimate for the investigated de-
sign and direct simulation, respectively. Whenever there is a set of
estimands, ¥ should represent the ratio for the “worst’ estimate, in the
sense discussed. Since under different designs the worst estimate may re-
tate to different estimands, 1t is sometimes preferable to consider the

efficiency as
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where n! and n!

1
fied accuracy.

are the “required’” volumes of computation for the speci-

An alternative measure suggested by Ehrenfeld and Ben-Tuvia,’

is the relative reduction 1n variance

o U%
77 =
02
for a fixed volume of computation. This 1s expressed as a fraction or
percentage. Both measures are used in this report, and they are either

directly specified or clear from the context.

b. THE PRIORITY QUEUE AS A STOCHASTIC PROCESS

Considering a set of size m as an 1ndependent run, the stochas-
tic process ( and subsequently the output) is defined by a set of random
variables. The initial point is a random vector, which i1n the case of
priority disciplines has a high dimensionality. Evenin the simplest case
of Poisson arrivals and exponentially distributed service time the dimen-
sion of the initial point is ¥P. When m is large, however, variation of
the output due to the initial point 1s fortunately small, and 1t 1s not

necessary to attempt to reduce this part of the variance.

Given the initial point, the run is determined by a sequence of
random interarrival times and service times for each of the priorities.
The values are drawn from their respective distributions. Alternatively,
this can be viewed as a single sequence of random numbers representing
interarrival times, service times, and the priority class. Variation in
waiting times, and subsequently 1n mean waiting times, 1s caused by vari-
ations 1n the input sequence. These may be classified as variations 1in
magnitudes and variations in the permutations. The magnitudes are easier
to classify, analyze and control, but 1t i1s the permutations that account

for a larger part of the variance.



c. CONTROL VARIATES

The basic i1dea 1s as follows: i1f X 1s an unbiased estimate of
E [X], then
W = X - aV (where V. = V - E [X]
V = control variate,
and @ 1s a constant.)
1s also an unbiased estimator. We have
Var W = Var X + a? Var V - 2aCov [X,V]
To find optimal value of a, differentiate
P
— Var W = 20 Var V - 2 Cov [X,¥V] = 0 ,
da.
Cov [X,V]
N Var V '
Cov? [X,V]
- Var ¥° = Var X - SELEETE g Var X(1 - r?2 ) .
Var V Y
and
s T TS an)
where r,, is the normalized correlation coefficient. If Cov [X,V] is

unknown, 1t can be substituted by its estimate gx'v W will remain un-
biased only if gx'v 1s independent of X and V. This cannot generally
be assumed, but the estimator is still consistent. With T sufficiently
large the bias can be ignored. Alternatively, tests on bias may be in-
troduced (see Appendix B). o can also be estimated from a preliminary
experiment, or a previous one with a similar, though not necessarily

equal, load.

The variance of the estimator is estimated by
gE = oY) Te=_s . (18)
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, Ao A 2 3
When o7 and (0 ) are strongly and positionally correlated,

this has a much smaller variance than the variance of Uf. In our experrt-

ments there is a clear indication that this was the case.

A control variate is a known random variable, t.e., EV and VarV
are known. The idea can be extended to a vector of control variates
(Tocher has presented this i1dea but develops the @ by the least square

method) .

Let V, E [V], C¢ [V] be k X 1 vectors

v V- E (V)

cv
J

Cov [X,VJ]

Let 2 be a k X k covariance matrix of V, Zij = Cov [Vi,V)]

2
7. icv . . . .
Let Zx = et ras- , which 1s also a covariance matrix.
cv*
s
W = x + aV, where @ 1s a k X 1 vector of coefficients. By

solving k simultaneous linear equations of the gradient, we get for op-

timal «

and

Var w*

T -l zl
o —evTsT v - = .
: 5

It follows from the positive definiteness of the covariance

matrix!! that

0 < Var W < 03 .

2 will never be singular, since it obviously would not help us to use

control variates which are linear combinations of the others.
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At this point 1t might help to get more insight at the struc-

ture of multiple control variates by developing the explicit expression

for &k = 2. In this case,
art rxyl rx.u2 vl, v2
@, = . .
(o2
) 1_’ul,u2
gx rx,uZ x,ulrvl,vz
W me .
UvZ 1—rul,u2
2 2
rx,ul+ x.v2_2rx,ulrx,v2rvl.v2
¢ = 1l -m = 1 - (19)
2
1—rul,u2
Suppose V| is the better single control variate (rE'xl > rz'vz .
We want to investigate the advantage of introducing Vz.
2
(rx,u2—rx,vlrul,v2)
Tevi,w2) ~ Tewry p
1 -r
vl,v2
We see here that a good ‘‘support’ for a control variate is not necessar-
ily one that would itself make a good control variate. Suppose, for ex-
ample, that all three are positively correlated. By assumption,
Frivt > Taws © Tayvg MY be nearly as high as r  ,, but & S 1s
also high there is practically no advantage—e.g.,
r = 0.8
x,vl
T2 = 0.75 N ve2y” vy T 0. 0335 5 (20)
Rigme = 0.8

A very good situation exists when r  ,and r_ , *r , ., are of oppo -
site signs, but such control variates are difficult to find. When
rul,u2 =0
7 - = P&
(vl,v2) (vl) x,v2 !
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which would be expected. Another and more surprising possibility 1s where

we have a high r , and n_ e 0! Heuristically, this means we 1m-
:

prove the estimate by disregarding that part of the control variate fluc-

vl,v2

tuations which have nothing to do with 1t.

It 1s clear that the more control variates are operating, the
more difficult 1t would be to find additional ones that would still be
effective. But effectiveness should be considered on a relative basis,
in terms of variance ratio, and not the efficiency fraction, as, for ex-
ample, reducing the variance from say 10% to 5% of the original variance

involves reducing the necessary volume by half. Namely:

n[vl,-.-,v(k*l)] - n[vl....,u(k)]

0.05

Moty o ove+ )]~ Mo, o vr )
L=, ey

= 0,5 (21)

Thus, control variates that would initially be regarded as in-
effective may prove useful after the important control variates have taken
effect. This 1s because they ei1ther serve as good complements, or because
they account for a different part of the variation. It seems proper to

call them descriptively as “marginal” control variates.

In searching for good control variates in the simulation of
queuing systems, the sources of variation should be kept in mind. The
problem is to reduce the dimensionality by finding, or composing, a few
control variates that would maintain most of the relevant features of the
high dimension 1nput sequence. A part of the relevant features is rep-
resented by the magnitudes of the sequence elements. We expect waiting
time to be higher when most service times are high and most 1interarrival
times are low. Also, waiting times for each priority would be higher,
the more customers of the highest priority appear in the sequence. Over-
all mean waiting time, however, in a ‘‘head of the line’” discipline would
remain unaffected —another analogy to the professor who switched from

one university to another and raised the average level in both universi-

ties! A natural representation of these attributes would be by their
means: IRT —mean 1nterarrival time, SRV-—mean service time, and Nl-—
observed number of first priority customers. Unfortunately, but expec-

tedly, these are all very poor control variates, accounting for only a
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few percentage points of the estimators variance. The reason is that the
variates do not represent at all the permutations in the sequence, which

are the main source of variation.

In trying to account for the permutations, a possible attempt

would be to match service times and interarrival times 1n pailrs.

For example, consider the recursive relation for single server

systems
W, = max (W}._l + SRVJ_l = IRT;,,-l'O)
We can make a try by substituting W}_l with a constant, and de-
fining
V (Cust j) = max (SRV}_l 5 IRV}'j_l,R) .

Where R < 0 is the best estimation possible, and when P [W = 0] is sub-

stantial, R = 0 is a very convenient choice. Now we define

> -
V‘ = ; V (Cust }) ’

Cust ), Selt

and

1
= 2V (Cust j), where p = 1, 2 (22)

tp

tp

This would not be effective for the lower priority classes.

i V2 would be the control variates for the mean waiting times
of the corresponding priority classes. V can serve not only for the over-

all mean waiting time but also for all of the priority classes.

The distribution of the V's 1is easy to find, as the mean of in-
dependent and identically distributed random variables, the distribution
of each 1s the truncated convolution of the distributions of service and

interarrival times.

For example, if arrivals are Poisson and service time is expo-

nentially and identically distributed, we get
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Foole) = 1 = —— #3200
L l+/) [
| A
Fo(s) = e R<s <0
UV - l+f
= 0 s <R s
which vield
1
EV] = —— [p2 - -]
uo(l + p)
1 2
Var [V) =————2{2(1+p)[(1+p3)—(1+>\}i)e)‘"]—[pz—(l—e)‘n)]} ,

221 + p)

and for R = 0

BWe 0 oo ==
u(l + p)
9
var (VIR = 0] = p_(__+p_)2 (23)
i1 + p)

The corresponding first moments for V are immediate (because
of the independence) and for practical values of mV can be considered
normally distributed (this assumption is not actually necessary for the
use of ¥V as a control variate, as only the first moments are used). For

example:

E [v] = E [V (Cust)]

e
®
-
-
—
"

Var [V (Cust)]

3|

Generally speaking, these moments do not exist for V!p’ as P[N‘P= 0] > 0.
They do exist, however, for the conditional random variable [V!p|th > 0].
Clearly,

E v, IN

>0] = E [V (Cust)]

tp



The derivation of the varrance 1s not computationally easy. But for
Poisson arrivals, the normal approximation with large enough m can be
used together with a sertes expansion to get

~ Var [V(Cust)] Pr[Cust ‘ Cp]

V vV N >0 = +
ar (v, [N, > 0] T v ] £ N
tp tp

Thus V can be used as a legitimate control variate.
tp

Amodification of V| can be used to obtainindicationifpriority
l customers arrived in groups, causing a substantial queue to be formed,

rather than “evenly’ distributed. That would be

Vi, (Cust j) = max (SRV, 0)

- - IRV,

-1 e

where j - 1, j are two consecutive arrivals of the priority class 1 (re-

gardless of any other arrivals 1in between).

In searching for a good complement to “type V” control variates,
note the low correlation between waiting time and either mean interarrival
time or mean service time. Subsequently, there is practically no corre-
lation whatsoever with

SRV = GIRT

where & is a constant. Yet, the correlation of this compound variable
with V 1s not eliminated because the influence of IRT in V is truncated
and 1t can be used as a complement of the type described above. There

1s no need to compute separately the optimal value for &; rather, the
multiple control variates model can be used with V, SRV, and IRV, and all
optimal coefficients are computed simultaneously. For example, in a sim-
ulation of a three priority, single server exponential system, the use

of V, alone indicated a reduction of the variance to about 40% of its
initial direct simulation value. But combined with SRV and IRT the indi-
cated reduction was down to about 8% of the initial value. Although the
indicated efficiencies in this case may be slightly higher than what could
be regularly expected with these control variates (as would be explained

below) the relation between the two contributions 1s significant.

A very convenient ‘“marginal” control variate is N, ;. As noted,
the higher N |, the higher would be the expected mean waiting times for

each of the priority classes. Admittedly the correlationis low and would
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usually account for only about 2% of the imitial variance, but its im-

portance stems from the fact N is in many cases independent of V or

1

V . (although a somewhat elusive dependence exists with y

t and the ef-

[

ficitency 1s also maintained 1n the margin. Furthermore, N 1s very con-

t]
vemitent computationally as a control variatc of X,. Practically all of
the additional computation involved in using a control variate 1s 1n the
estimation of the corrclation with the estimated variable, the variance
of the control variate and 1ts covariance with other control variates be-
ing known. In the case of N , and X, this does not involve even extra

multiplications, as the product X N

its Eq. (16)].

- 1s available even before X:l [see

There 1s another control variate which 1s particular to the
problem of priority queues. In many cases, the difficulty lies only with
the priority discipline (not with the interarrival and service times sto-
chastic mechanism). Analytical results are thus available for the over-
all mean waiting time (this does not hold for interrupt-rcpeat disciplines).
There 1s a positive correlation between the observed mean waiting time
for each of the priorities and observed overall mean waiting time. There-

fore, X becomes a natural control variate.

[t should be pointed out here that when X was added to a set of

control variates of the typcs described above, the increase in efficiency

for the high priority classes was small. This means that little 1s gained
by analyzing the overall process. It also indicated the effectiveness of
V as a control variate. X 1s most effective with respect to a priority

class, or a set of priority classes grouped together, that constitutes a
large percentage of thc total load. Also, its effect in the margin 1is

obvious. For the lowest priority class, X is extremely efficient, V

x x

NP
often being in the order of 0.98.

A rcmarkable feature of control variates that has been observed,
but not proved, is the fact that not only 1s the variance of the estimator

reduced, but also the estimate of the variance i1s a much better one. Since

Ao A -1 A
b, = o, -cvisT v,

w
2 A
this indicates that o2 and CV'Z-!CV are positively correlated random var-

iables and that the correlation principle of the control variates operates
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also 1n the estimate of the variance. As a good estimate of the confi-
dence interval is an essential part of the experiment, this property is

very significant.

The use of the control variates method may be extended to var-
1tables of which only the mean 1s known. In this case 2 has to be esti-
mated as well and the problem of bias i1s amplified. Here, too, 1t can
be resolved by an estimation from a preliminary experiment, or extrapo-
tation from a previous experiment with similar load. As long as the
estimate of the optimal value for the vector of coefficients 1s indepen-
dent, bias is not introduced. An error in @ is thus never catastrophic,

as at most, some efficiency will be lost. This loss is of the second
2

- 1S convex 1n Q.

order only, because o

In conclusion, the control variates method was found quite
effective for priority queues. The additional computation is small and
Just a few carefully chosen control variates will eliminate a substantial
part of the initial variance. In a small number of exploratory trials

with no more than four control variates the variance ratio was over 2

under "unfavorable” circumstances and over 10 under ‘‘favorable’ ones.

d. STRATIFICATION

The basic idea is to divide the observation space into a set

of mutually exclusive and jointly exhaustive strata, depending on one or

more “stratification variables.’” We must estimate that

#S, = E xlx e Sk] for each stratum
by
}k(X S or for any improved estimator
denote
P, = Plxes,]

The estimator for EX would be

W o= 3 PKS,
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and

Var (W] = Z PE Var [H'Sk]
k

Similar to what was done before (for le), this 1s approximated by

Var [W] = Z Pk Var [X'X € Sk]
k

Here T (more important then m) has to be large enough.

We see that this ts the mean “inter strata’ variance, and that

the “between strata’” variance has been eliminated.

For a variable to be eligible as a stratification variable, not
only the mean and variance have to be known in each of the strata, but
also the distribution. With m large enough this is not a serious restric-
tion because for most of the set statistics normality can be assumed (un-
less autocorrelation 1s exceedingly high). The effectiveness of the
method depends on finding a partition with the ““between strata’’ variance

a large portion of the total.

From the variables tested, none directly qualified i1n this re-

spect. The typical distribution was as follows:

DISTRIBUTION OF V
UPPER CONFIDENCE LIMIT FOR X

MEAN VALUE OF X

LOWER CONFIDENCE LIMIT FOR X

Vv ( stratificatian variable )
TA -35187 -9

FIG. IV-1 TYPICAL DISTRIBUTION OF STRATIFICATION VARIABLE
We see that most of the variance actually lies in the strata

with high V, and that the between strata variance is small. The situa-

tion 1s much worse for *“bad’ control variates (like Nl)'



The method could still be useful if the number of observations
in the important strata could be artificially increased by manipulating
the input. For example, the simulation could be run with higher load
than the one investigated, since the weights P, are analytically computed
and do not depend on the number of observations. Unfortunately, this can-
not be done under the present experimental setup where the end point of
one set serves as an initial point for the next. The weights P, would
compensate for bias 1n the 1nput sequence, but not for the bias 1n the

initial point.

Although some reduction in variance was obtained, on the whole
the method was not found too efficient for priority queues. Not only the
mean but also the variance have to be estimated i1n each of the strata,
The reduction was usually not more than just a few percent (that could
not be kept on the margin). It would be more effective in the simulation
for transient results, where the initial point has to be considered spe-

cifically anyhow.

There is one exception. In many situations the probability of
having to wait is known. We can estimate E [XIX > 0] by X,, the average
over positive values only, and then estimate mean waiting time for each

priority class by
W o= Plx > 0lX,

which has a smaller variance than X. For a *“head-of-the-line' priority
queue discipline in an exponential system, the theoretical variance ratio

would be approximately

which was also observed in actual experiments.

This 1s not a very high reduction, especially for the more fre-
quently encountered values of p. But here again there is practicallyno
extra work-—one comparison to zero 1s added for each customer, but the
number of additions 1s reduced. A very slight increase is caused by the
introduction of a counting index, altogether no change was observed in

computing times.
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The main question is whether this reduction would be maintained
(proportionally) on the margin. In other words, would the use of control
variates be as effective with respect to X, as it 1s for X? If so, one

can obviously replace the estimator by

W = PlX > 0lW,

where W+ 1s some improved estimator (though control variates) of £ [XIX'>0].
It seems 1t would be better to use a condition on the control variate too
in this case, namely V, = average of V only over values such that

V(Cust) > R. The few experiments we held indicated the control variates
method works just as well with X, as it does with X for the exponential
systems, “head-of-the-line” discipline over a wide range of p. It mayor

may not hold for other systems and other disciplines.

A different stratification operator, also involving manipula-
tion of the input, will be discussed 1n connection with the antithetic

varliates.

d. ANTITHETIC VARIATES

The basic idea is this. E[X] is to be estimated, and Y is a
random variable such that E[Y] = E[X]. Then

1
W o= =X +Y
2( )

is an unbiased estimate of E[X].

Var W

1 1 1

Var X + — Var Y + = Cov [X,Y]
4 4 2
When Var X = Var Y

Var W =

1
{var X + Cov [X,¥]} - 3 Var X(1 + v, )

Since we have doubled the number of observations (observing also Y), this

pays 1if ny 1s negative. The ny 1s the efficiency fraction.
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As pointed out in Hammersley and Handcomb,® the antithetic var-
iate method is awkward when applied to problems of high dimensionality,
as 1s the case with priority queuing systems. One possible approach is
to apply linear transformations to each of the individual terms in the
input sequence. Page did this for a no-priority queuing system,’ using

either the transformation

£ = 1-¢ q = g
or the transformation

G " =g
or both. & denotes the random numbers that determine interarrival time
and 7 the numbers that determine service times. The efficiency of the

transformation stems from the fact that waiting time is monotone increas-
1ng with service time, and monotone decreases with interarrival time. In
turn, service time and interarrival time are both monotone with the ran-
dom numbers that generate them. The reported efficiency ratios were 1in
the order of one-half. In a similar experiment we held for a priority
queulng system, the observed efficiencies were of the same order for the
overall mean waiting time. The gain was considerably smaller, however,
for the individual priority classes. The reason may be that the differ-
ent runs are antithetic only with respect to their ““magnitude” of the in-
put sequence, but not necessarily with respect to the permutations, which
account for most of the variance. In the priority case, the permutations
have an even stronger impact on the results for the individual classes,

hence, the smaller gain.

A further transformation is presented in Hammersley and
Handcomb.® This consists basically of stratification of the unit interval.
The original suggestion was £’ = (£ + k)/K E =20, 1, ..., K-1, but
this is not directly applicable to the queuing problem, where in any
given sequence each of the values has to be uniformly distributed in
(0,1). The modified transformation &' = (£ + k/K) mod 1, k = 0,1, ..., K-1
is legitimate. This 1s particularly useful when the function 1s symmetric

in the unit interval, which can be achieved by taking

1
e E[f(f')+f(l-§')] .
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The natural way would be to do this separately for £ and 7.

For each value of the pair (ko k) we may have four runs:

(h '),

(2) (1 -£79");

(3) (£',1 - 7n");

(4) (1 = £,1 -=7n') .

This amounts to 4K? runs.

Here a problem of scale exists. The efficiency of this trans-
formation theoretically rises strongly with K. But we have 4K? runs, the
length of each is bounded from below. Therefore, to be very efficient,
the experiment has to be very large, possibly larger than would be nec-
essary by the requirements on the results. For this reason, really large

experiments were not attempted.

An alternative approach rises from the nature of pseudo-random
numbers used in computer work. All computer random number sequences are
actually deterministic, entirely dependent on the 1initial choice. Ob-
served mean waiting time for each priority class is therefore a positive,
real, valued, function, albeit a complicated one, of a real number 1in

(0,1)—the 1nitial random number.

We can thus consider the problem as a problem of integration
on (0,1) and avoid the high dimensionality altogether. The antithetic
transformation alone has no value, because we now don't have monotonicity
but the 2K transformations as described above are perfectly adequate. It
1s not obvious that the function 1s continuous, but the congruence method
of random number generation suggests this would be the case. This alter-
native approach was not tested experimentally, and might provide interest-

ing basis for further study.

An 1mportant questlon is whether the use of antithetic (or
otherwise dependent) runs precludes the use of other variance reduction
methods, particularly control variates. One problem here 1is that the
covariance matrix for the control variates (2) is not easy to develop
analytically for averages over dependent runs. It may sometimes be use-
ful to choose as control variates sdzh functions of £ and 7 that are 1in-
variant under the transformations used, even at the cost of some efficiency.

For the four antithetic runs described above (without the stratification
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operator), ll/? -1 and particularly i1/2 = nl proved to be reasonable
approximations. This approach was not investigated further. Indeed, one
of its shortcomings 1s that it would involve substantial preliminary ex-

perimentation to get the proper insight.

A more direct approach is to estimate 2 as well as CV (the co-
variance vector). Here the question of bias becomes more acute, Rut }t
can again be resolved by a preliminary experiment. Even then, @ Z-ICV is
a biased estimate of the optimal coefficients, but again 1t involves at

most some reduction in efficiency.

On the experiments carried out, the averages of the control var-
1ates over antithetic runs did maintain the correlation with the respec-
tive averages of mean waiting times. It seems, therefore, that both meth-
ods can be operated together, although not all of the individual efficiency

ratios would be maintained.

The antithetic variates method (with or without the stratifica-
tion operator) has a certain appeal as an apparently general purpose method,
applicable to all kinds of systems and loads without having to bother about
insight into the stochastic nature of the process. This 1s not always true.
Even 1f individual terms have monotone relationship with the estimated
variables, the structure for the highly dimensional input sequence as a
whole 1s far more complicated, as indicated above. It may, under special
circumstances, even happen that the runs are positively correlated, which

would actually increase the variance.

e. SIMULTANEOUS ESTIMATION FOR ALL CLASSES

From a typical experiment, estimates WP for each of the priority
classes as well as W for the overall are available. To be consistent,

these estimates must satisfy

NP NP
W z >\ T z )\ W [
p=1 P p=1 P P

which means that actually more estimates are available than estimands.

This suggests the use of a standard regression model
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let i be a NP X (NP + 1) matrix

where
A
L
NP
a = 3 A : ;o= 1, , NP
1 ]=l 3
let E be NP X 1 vector E, = E[Wp] = E[Xp]

~

let W be the (NP + 1) vector of estimators,

~
P P J WNP*I = W

and let VW be the covariance matrix of the estimators

VW, = Cov (W, W]
i, j = 1,2, ..., NP, NP + 1
Then
E(w] = HE
Therefore
W' = {HTIVW) =M1} -HT VW) =W

~

1s the best estimator of E given W and
o -1
{HT[vW]- H}

1s the covariance matrix for the best estimators.

The observed reduction 1n variance in this step was small, often
negligible for the higher priority classes. The additional work involves

estimating the elements Cov [Xpi'ij] and Cov [X'Xp 1, 1, j =1, ..., NP,

1
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an operation the size of which depends on T and NP, and 1uverting which
depends only on NP.  The method may be more useful, therefore, when the

required accuracy (and m) is high.

It is often practical to regard the estimates for the higher

classes as fixed, and employ the regression model only for W,, and

NP -1
[AW 5 3 AIWI} ]

1= 1

This does not reduce the work in estimation, but the 1nverted matrix 1s
2 x 2, As the 1nitial estimates for the high priority classes are far
better, this approach yields practically the same efficiency as employing

the larger matrix.

If the regression model is discarded, there is a choice for es-

timating mean waiting time for the lowest priority with W, , or

A NP-1 A,
—F- 5 =y
Ayp i=1 Ayp

{(or any convex combination of these-—the optimal one would have been de-
termined by the regression model). The decision can obviously be made
after the results from the experiment are obtained. Usually, when X is
not one of the control variates the variance of W,, is much higher than
that of the alternative estimator. When overall mean waiting time 1is
known, the variance of the two estimators are of the same order, but WNP
is st1ll the worse. Also, the estimate of Var [WNP] should be treated
with suspicion i1n this case, as small errors in the estimate of r

X, X
*TNP
leslllt in substﬂntiﬂl errors in the est,imﬂt,e Of \ﬂr ["NP].

3. SuMMARY

The object of this study was to investigate efficient methods for
the simulation of queuing systems with priority disciplines to estimate

’ conditions. The problem of esti-

mean waiting times under ‘“steady state'’
mating transient behavior was kept in the bhackground. It seems, though, that
most of the methods presented would be applicable for the transient case
with but little modification—some of them may indeed prove even more

efficient.
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Part of the experiments were made on the [BM 7090 computer at
Stanford University, and part on the Burroughs B5500 at SRI. For the
7090, the programming language was SIMSCRIPT, and for the B5500 an ALGOL
simulation program already available at SRI was used. Due to budget lim-
itations, only a few experiments were run for each method, and the results
indicate orders of magnitude rather than precise conclusions. As the ex-
act realized efficiency depends on the system to be simulated, the load
and the specified accuracy requirements, this seems the only way for a

general 1nvestigation of the nature of the present study.

The best results were obtained with the control variates method,
even when no more than four control variates were used for each estimand.
Conditioning on X > 0 provided a further reduction in variance at no ex-
tra cost. The effectiveness of the other methods seems to depend more
on the size of the experiment and the required accuracy. The stratifica-

tion method provides the weights for “importance sampling' manipulation
of the input. That, too, would be more applicable when required accuracy
1s high, or for the transient problem, where initial position has to be

considered anyhow.

The present study was restricted to a single service center (though
not necessarily a single server). A natural extension would be to queues
in a network. Obviously, most of the methods would have to be modified,
and In particular new control variates and stratification variables would
have to be found. As the stochastic mechanism is more complicated, this
would probably be more difficult for the network problem, and 1t may be
expected that the control variates method particularly would lose some of
its relative advantage over the other methods. On the other hand, the
1dea of treating the problem as a function of the initial random number

only gains some appeal.
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V GUIDES AND PROCEDURES 1OR THE APPLICATION
OF QUEUING MODELS

A INTRODUCTION

Large scale military information systems have a number of common
characteristics. In these systems there are usually one or more inter-
connected information processing centers. Each information processing
center is usually equipped with one or more data processing units
(computers) and associated memory systems. The memory system usually
contains a hierarchy of memories, such as the high-speed core or thin-

film memory, the mass core memory, the drum memory, the disc memory and

the tape memory. A typical hardware organization of the information
processing center 1s as shown in Fig. V-1. Incoming messages arrive at
MASS MASS MEMORY

MEMORY BUFFER
INCOMING INPUT ouTPUT ouTRUT
MESSAGES el BUFFER DEVICES

TA-S187 -10

FIG. V-1 TYPICAL INFORMATION PROCESSING CENTER

the input buffer where they wait for the service of the computer. The
incoming messages are usually categorized into classes, and the queuing
discipline at the input buffer 1s usually of the priority type. An in-
coming message may require one or more consecutive services from the
computer. The result of each computer service can be either a new request
for computer service, or a request to retrieve information from the mass
memory or an output message. An information retrieval request always
waits i1n the mass memory buffer. The queuing discipline at the mass
memory buffer can be the priority type. The result of an information re-
trieval is always a request for the computer service. The mass memory may

contain several nonhomogenous memory units. Access to these memory units
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can be made 1n parattel. The output messages queue up at the output

buffer for transmission to the output devices.

The designer of such an information system is usually faced with
the problem of determining the size and configuration of the buffers,
the speed and the number of computers, the service time of the mass
memory and the queuing or scheduling discipline required when the system
parameters are not known exactly. As a matter of fact, during the early
stages of system development the designer is often interested in inves-
tigating the expected performance and the probable weaknesses when the
parameters vary over a given range. For example, during the early stages
of system development the computer softwares are not fully developed,
hence the computer service time characteristics are not precisely known.
It therefore is quite desirable to establish the system response time as
a function of computer service time. The designer might also be inter-
ested in determining the size of the buffers as a function of the size of
softwares and the arrival rate of messages. To study the functional re-
lationships between the system parameters and the system performance under
a specific system hardware and software configuration the system designer
usually establishes a model of the system and studies the functional re-

lationships by manipulating the model.

The 473-L Simulation Model 1s a particular case of the generalized
information system. The procedure used in analyzing the 473-L Simulation
Model may therefore be used for analyzing the generalized information

system. This procedure is described in the following section.

Although the variance reducing techniques, the control variates and
the antithetic variates, have not been applied to the 473-L Simulation

Model, the possible application of these techniques is indicated.

B. GENERAL PROCEDURES

The prerequisite to a successful analysis of any information system
is the establishment of a clear and precise description of the system
from the point of view of servicing the incoming messages. The descrip-
tion should include the following items for each service station within

a processing center:
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(1) Iaput Message Characteristics.

(a) The classification of messages.

(b) The percentage mix of each class of messages.

(c) The mean and distribution of the inter-
arrival intervals of each class of messages.

(d) The service requirement of each class of
messages.

(e) The mean and distribution of the message
lengths of each class of messages.

(2) Buffer (Queue) Characteristics.

(a) The organization of queues, t.e., 1s the buffer
divided into sections one for each class of
message?

(b) The size of queue.

(c) The queuing (service) discipline.

(3) Server Characteristics.

(a) The number and type of servers.

(b) The mean and distribution of service times
for each type of service.

(4) Output Characteristics.

(a) The destination of the output of a server.

The service stations in the typical processing center are the com-

puter and the mass memory.

ltaving characterized the service centers, the operational measures
to be obtained from the analysis must be defined. Some of the more com-
monly used operational measures are: the response time, the queue length
and the utilization of server. We usually like to obtain the distribution
of these measures, but in practice this is either too difficult or impos-
sible to obtain. Hence, we are forced to settle for the mean or an

extreme point of the distribution.

Having characterized the service centers and defined the operational
measures desired, the next step is to construct a model of the processing
center. The analytical modeling technique is always preferred over the
numerical modeling (simulation) technique. Since the former technique can
usually yield the anaLyLical relationship between the system parameters

and the system operational measures, the analytical relationship can then
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be nsed in system evaluations snch as cost-effectiveness studies. How-
ever, the analytical modeling technique is nsually limited to the modeling
of the siuple serviee systems. Furthermore, the results of the analytical
technique of modeling are usnally limited to the first few moments of the
operational measures. Nevertheless, the existence of even the first mo-
ment, the mean of the operational measure, may enable the i1nformation

system designer to gain considerable understanding of the expected per-

formance of the system.

The available analytical resnlts of priority-queuing are listed in
Refereuce 2. As far as it is known no significant new results have been
added since the publication of this list. Any priority-queulng service
center whose input, queue, and service characteristics do not meet those
as listed cannot be analytically modelled. MHowever, there are operational
measures that do not require a knowledge of queuing discipline even though
the service-center has a priority quening discipline. For example, 1n de-
riving the mean utilization and the total mean storage of a service center
1t 1s not necessary to stratify the input into priority classes. Thus the
nonpriority analytical results are applicable. 1f for some reason the
storage 1s compartmentalized, one compartment for each priority class,
then it is necessary to derive the mean storage for each priority class.

In such a case, the priority-queue results must be used.

A typical 1uformation processing center usually contains more than
one service center. lIncoming messages usually require a sequence of
services from these service centers. LEach service center usually contains
a buffer where messages may queue up. If the buffer is small with respect
to the expected loading of the service center, blocking can occur. Block-
ing is defined as the inability of a service center to service further
messages because the buffer of the subsequent service center is full. The
analytical investigation of such a service system is quite formidable if
not impossible. However, in practice the buffer is usually quite large
and for all intents and purposes the buffer can be assumed to be infi-

nitely large. It is thus possible to analyze each service center

independently.

Frequently the information system is too complex for analytical
modeling. Thus, we must resort to the simulation modeling technique. As
4

was pointed by Conway,” there are three phases in an investigation by simu-

lation that take place after the problem has been identified and a model

formulated:
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(1) Model implementation—description i1n a language acceptable
to the appropriate computer.

(2) Strategic planning—design of experiment that will yield
the desired 1nformation.

(3) Tactical planning—determination of how each of the test
runs specified in the experimental design 1s to be
executed.

There exists a number of simulation-oriented computing languages,
among them are the SIMSCRIPT, the General Purpose System Simulation
(GPSS1[), the Control and Simulation Language (CSL) and the MILITRAN,

No attempt has been made to evaluate the suitability of these languages

to the simulation of information systems. In this project the original
simulation model was programmed in ALGOL, since 1t was felt the model
under study was relatively simple and would be more efficient to use

ALGOL. During the strategic planning and tactical planning phases, how-
ever, it was necessary to make frequent changes in the sampling schemes.

An ALGOL simulation program is not the easiest program for extensive modi-
fications. Thus, the simulation model was reprogrammed in SIMSCRIPT during

the later part of this project. The reason for choosing SIMSCRIPT over the

other simulation languages are:
(1) SIMSCRIPT is the most commonly used simulation language, and

(2) a SIMSCRIPT compiler 1s available with the Stanford’s 7090

computer.

An aspect of the experimental design for simulation experiment is
reduction of the variance of a fixed volume of sampling without corre-
sponding increase in computation labor. Three variance reducing techniques
have been discussed in Sec. IV-D, namely, stratification, control variates

and antithetic variates.

The stratification technique requires a knowledge of the distribution
of the stratification variable. Usually the distribution is not known.
Although it may be possible to assume a normal distribution, it is not
possible to estimate the confidence attributable to the results. This

technique is thus deemed impractical for information system simulation.

There does not seem to be any set procedure in the application of the
control variates technique to the simulation of information systems. It
usually involves a careful examination of the probabilistics structure of

the simulated process. The purpose of the examination is to determine the
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specilic input or the combination ol 1nputs—say V—in the simulation
that clearly contributes to the variation in the output. Having found
¥, and knowing the distribution of the input(s) that make up the V, it
is possible to derive the E[V]. Thus, the estimate of the output is

W= X - alv - E[V]) where
X is the simnlated estimate of the output

V 1s the simulated estimate of the control
variate V

E V) 1s the theoretical mean of the control
variate V

@ 1s a constant.

A good control variate for a single exponential server priority
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